Background: Although a high inspired oxygen fraction (FiO 2 ) is commonly used in paediatric anaesthesia, the impact on postoperative lung function is unclear. We compared lung volume, ventilation heterogeneity, and respiratory mechanics in anaesthetised children randomised to receive low or high FiO 2 intraoperatively. Methods: In a double-blind randomised controlled trial, children scheduled for elective surgery were randomly assigned FiO 2 100% (n¼29) or FiO 2 80% (n¼29) during anaesthesia induction and emergence. During maintenance of anaesthesia, participants assigned FiO 2 ¼100% at induction/emergence received FiO 2 ¼80% (FiO 2 >0.8 group); those randomised to FiO 2 ¼80% at induction/emergence received FiO 2 ¼35% intraoperatively (FiO 2 [0.8/0.35 group]). During spontaneous breathing, we measured the (i) functional residual capacity (FRC) and lung clearance index (ventilation inhomogeneity) by multiple-breath nitrogen washout; and (ii) airway resistance and respiratory tissue elastance by forced oscillations, before operation, after discharge from the recovery room, and 24 h after operation. Mean (95% confidence intervals) are reported. Results: Fifty eight children (12.9 [12.3e13.5] yr) were randomised; 22/29 (high group) and 21/29 (low group) children completed serial multiple-breath nitrogen washout measurements. FRC decreased in the FiO 2 >0.8 group after discharge from recovery (e12.0 [e18.5 to e5.5]%; P¼0.01), but normalised 24 h later. Ventilation inhomogeneity increased in both groups after discharge from recovery, but persisted in the FiO 2 >0.8 group 24 h after surgery (6.1 [2.5e9.8%]%; P¼0.02). Airway resistance and respiratory elastance did not differ between the groups at any time point. Conclusions: FiO 2 >0.8 decreases lung volume in the immediate postoperative period, accompanied by persistent ventilation inhomogeneity. These data suggest that FiO 2 >0.8 should be avoided in anaesthetised children with normal lungs. Clinical trial registration: NCT02384616.
It is common practice during general anaesthesia to use enriched fractions of inspired oxygen fraction (FiO 2 ) to prevent hypoxaemia from the development of ventilationeperfusion mismatch after loss of functional residual capacity (FRC). 1 High FiO 2 strategies are particularly common practice in paediatric anaesthesia, for which severe respiratory adverse events associated with airway obstruction are frequent. 2 Despite this common practice, high FiO 2 (>80%) decreases the alveolar nitrogen and increases the oxygen gradient across the alveolarecapillary membrane, leading to rapid oxygen absorption and alveolar collapse. 3 This phenomenon, known as 'absorption atelectasis', may decrease the FRC and increase the intrapulmonary shunt. 4 This loss in FRC has been demonstrated in adults and children after the intraoperative use of FiO 2 100%. 5e7 However, the effects of relative hyperoxiadat least in adultsdremain controversial. 8e11 The use of FiO 2 80% at induction and emergence, whilst limiting FiO 2 to 35% during maintenance of anaesthesia, may prevent the occurrence of atelectasis, ensure sufficient oxygenation, and allow early detection of ventilation perfusion inhomogeneity. Conversely, the use of FiO 2 100% at induction and emergence, which is reduced to FiO 2 80% during maintenance of anaesthesia, may increase the margin of safety to avoid hypoxaemia. In children, the pulmonary consequences of using high FiO 2 during general anaesthesia have not been fully characterised over the early perioperative period. Therefore, we conducted a single-centre double-blind randomised study to quantify respiratory physiological changes in anaesthetised children ventilated with high (80%) or low (35%) FiO 2 during the maintenance of anaesthesia. We hypothesised that high FiO 2 would lead to adverse and prolonged postoperative changes in lung function.
Methods
This single-centre, randomised-controlled, double-blind trial was registered with ClinicalTrials.gov (NCT02384616) and compliant with meeting the Consolidated Standards of Reporting Trials 2010 requirements for reporting a randomised trial (Supplementary data).
Participants
After obtaining approval from the Ethics Committee of the Canton of Geneva, Geneva, Switzerland (CER 14e039), a written informed consent was obtained from the parents of the children. Additional direct consent was obtained for children more than 12 yr of age. Children were eligible if they were aged 6e16 yr; required general anaesthesia with tracheal intubation; scheduled for elective non-abdominal and non-thoracic surgery lasting <200 min; and had an ASA physical status score of 1 and 2, and BMI <30 kg m À2 . We excluded children with a medical history of heart or lung disease, obstructive sleep apnoea, and recent upper respiratory tract infection (<2 weeks before surgery), and those with predictably difficult airways.
Anaesthesia and analgesia
When appropriate, children received oral premedication with midazolam (0.25 mg kg
À1
) 30 min before anaesthesia induction and after performing the first set of measurements. Anaesthesia induction was performed either by inhalation induction with sevoflurane or intravenously with propofol (2e3 mg kg À1 ).
Tracheal intubation was performed either under deep anaesthesia or after administration of neuromuscular blocking agents (NMBAs) (atracurium 0.5 mg kg À1 or rocuronium 0.6 mg kg
). Intraoperative analgesia was provided with fentanyl with or without regional nerve blocks. 
FiO 2 protocol

Induction
Maintenance
After tracheal intubation, a vital capacity manoeuvre was performed for all children by inflating the lungs to 30 cm H 2 O for a period of 5e10 s. Both groups of children were ventilated in pressure-controlled mode with PEEP of 5 cm H 2 O, a tidal volume (VT) of 7e8 ml kg À1 , and a ventilation rate adjusted to maintain the end-tidal CO 2 between 5 and 6 kPa. At the end of the surgical procedure, the ventilation mode was set to pressure support for assisting the return of spontaneous ventilation. Reversal of neuromuscular block was performed at the end of the surgery according to train-of-four monitoring.
Recovery
After extubation, patients were transported in the lateral position to the PACU. Oxygen saturation was measured continuously until the patient was discharged to the ward. Any additional intraoperative respiratory intervention, such as recruitment manoeuvres or tracheal suctioning, that was performed was recorded. 15 Briefly, the input impedance of the respiratory system was measured in the frequency range of 5e37 Hz by a commercially available oscillometry system (tremoFlo® C-100; SCIREQ, Montreal, QC, Canada) whilst the child was in the sitting position breathing normally with a nose clip. The flow resistance of the airways was estimated by calculating the average resistance values in the frequency range of 5e19 Hz (R 5e19 ), in which no systematic frequency dependence occurs. The AX, representing the stiffness of the respiratory tissues, was assessed by calculating the area under the reactance curve between 5 Hz and the resonant frequency. VT during these measurements was also recorded. For a better comparability with earlier established reference values, the respiratory system compliance (C rs ) was calculated from the 5 Hz reactance data (X 5 ) as C rs ¼1 (10,p,X 5 ) À1 .
Measurement protocol
MBW and FOT measurements were performed at three different time points. The first set of measures (M1) was collected in the preoperative period 1 h before premedication and admission to the operating room. Measurements were then repeated twice in the postoperative period: before transfer to the ward (M2) and at Postoperative day 1 (M3). MBW and FOT analysis was performed in patients where at least two appropriate data sets could be retrieved.
Primary outcomes
The primary outcomes were changes in respiratory physiological measures, as quantified by FRC, LCI, and parameters reflecting the airway mechanics (airway resistance) and respiratory tissue elasticity (AX).
Exploratory clinical outcomes
Exploratory clinical outcomes included incidence of perioperative respiratory adverse events (laryngospasm defined as complete airway obstruction, unrelieved with simple jaw thrust and CPAP manoeuvres, and requiring the administration of a medication), bronchospasm (defined as any episode of airway constriction requiring the administration of a bronchodilator), oxygen desaturation (defined as SaO 2 less than 90% requiring recruitment followed by elevation of FiO 2 ), postoperative nausea and vomiting (PONV; defined as nausea retching or vomiting during the first 24 h after operation and requiring additional administration of anti-emetic drugs), and postoperative respiratory complications (hypoxaemia as defined earlier and requiring oxygen therapy, and pneumonia diagnosed both by clinical and radiological symptoms). A 30 day follow-up for respiratory complications (hypoxaemia and pneumonia) and surgical site infection (defined by the occurrence of infection involving the skin or the subcutaneous tissue, and requiring either surgical re-intervention or administration of antibiotics) retrieved from the medical records and from phone contact with the parents. As the primary aim of the study was to ascertain whether physiological changes occur perioperatively, we present these data without any further statistical comparisons being undertaken.
Randomisation
Children were recruited into the trial at the pre-anaesthesia consult. After inclusion into the study protocol, the children were randomly assigned to FiO 2 >0.8 (high FiO 2 group) or FiO 2 (0.8/0.35 [lower FiO 2 group]) by computer-generated block randomisation on the day of the operation. The randomisation was based on a random generation of binary numbers from a uniformly distributed variable (SigmaPlot; Systat Software Inc., San Jose, CA, USA). Allocation information was kept in sealed envelopes containing a non-transparent pleated colour sheet into which a page describing the etiquette for intervention was inserted. The attending anaesthetist was authorised to open the envelope in the operating room and was the only person who could know the treatment allocation. All investigators, including all other anaesthesia personnel in PACU, were blinded to group assignment.
Sample size
Sample size calculations were performed using SigmaPlot software (Systat Software Inc.). Based on our previous study comparing FRC in children, 16 a sample size of 23 patients per group is required to detect an FRC difference in means of 2.5 ml kg À1 (considering 10% difference as clinically significant), assuming that the common standard deviation is 2.5 ml kg À1 using a Student's t-test with an alpha error of 0.05 and a power of 0.9. To account for potential withdrawal of patients during the study, we aimed at enrolling 29 patients in each group. FOT parameters were examined by repeated measures twoway analysis of variance with time (M1, M2, and M3) as the within-subject factor and oxygenation group allocation as between-subject factors. As the primary aim of the study was to ascertain whether physiological changes occur perioperatively, we present these data without any further statistical comparisons being undertaken. A significance threshold of P<0.05 was set for all comparisons. Statistical analyses were performed using SigmaPlot software package (version 14; Systat Software, Inc.). participants received antibiotics according to the local institutional prophylaxis recommendations. More than half the patients required postoperative morphine to ensure an adequate analgesia concentration as reflected by the low worse pain scores. In addition, there was no difference in the incidence of respiratory interventions between the two groups.
Statistical analysis
Results
Participant characteristics
Primary outcome
Whilst the collection of preoperative data was successful in all patients ( Fig. 1) , respiratory measurements in the postoperative period were challenging (lack of full cooperation, postoperative fatigue, patient refusal, and patient leaving the hospital before the final measurement). Thus, the analysis of the MBW data was possible for 22 (FiO 2 >0.8) and 21 (FiO 2 [0.8/0.35]) children (Fig. 1 ). We were able to include all of the 27 patients in each group for FOT measurements (Fig. 1) .
Multiple-breath inert gas washout measurements
Lung volume and heterogeneity indices obtained from the MBW measurements are summarised in Figure 2 as absolute values (left panels) and relative changes to the baseline (i.e. relative to M1; right panels 
Airway resistance and respiratory tissue stiffness measurements
Respiratory mechanical parameters as assessed by airway resistance (R 5e19 ) and respiratory tissue stiffness (AX) are depicted in Figure 3 as absolute values (left panels) and relative changes to the baseline (i.e. relative to preoperative measurement M1; right panels). R 5e19 and AX did not change significantly throughout the study (M1eM3). Moreover, there was no evidence for between-group differences in any of the respiratory mechanical indices. There was a small but significant decrease in VT during the FOT measurements in FiO 2 (0.8/0.35) group at M2 and M3 (P¼0.02 for both). In the FiO 2 >0.8 group, VT decreased significantly at M2 (P¼0.002), and there was a tendency for a decrease at M3 (P¼0.06). The Morphine n (%)
Wound infection n (%) 1 (3.7) 0 (0) relative changes in VT were only significant at M2 in the FiO 2 >0.8 group (P¼0.01). Figure 4 depicts the relationships between the baseline data (M1) of the current study with reference values from a similar patient population. 17, 18 Satisfactory concordance was obtained for lung volume, ventilation heterogeneity, and respiratory mechanical parameters with no systematic deviation from the predicted values in children.
Exploratory clinical outcomes
As more than half of the patients received morphine in the PACU to ensure adequate analgesia and this agent has been shown to affect bronchial tone, we assessed whether the administration of morphine had an effect on the lung-volume changes observed at M2. There was no evidence for a significant difference in the percentage decreases in FRC between the patients with and without morphine administrations in either group (Supplementary data). No severe respiratory complications (bronchospasm, laryngospasm, and pneumonia) occurred during the perioperative period, and the incidence of PONV was comparable between both groups (Table 1) .
Discussion
There was a loss of lung volume detected more than 2 h after tracheal extubation in the group of children who received FiO 2 100% at induction and emergence and FiO 2 80% during maintenance. However, this effect was not associated with measurable changes in airway and respiratory tissue mechanics. Although many factors related to a general anaesthesia (i.e. opioid administration, NMBA use, and fluid balance) may decrease FRC, we detected no significant differences between the two groups. Moreover, a subgroup analysis of children receiving morphine in the PACU did not reveal differences in lung function indices, which is an additional indication that lung-volume loss is mainly related to FiO 2 differences. Thus, it seems more likely that the use of high concentrations of O 2 is responsible itself for the decreased FRC, as it results in a rapid diffusion of O 2 across the alveolarecapillary barrier. This underlying mechanism is responsible for the formation of O 2 absorption atelectasis. Interestingly, FRC values returned to the normal range on the first postoperative day, at which point the values became comparable between the two groups, suggesting that the oxygen-related lung-volume loss is transient in healthy children.
The baseline FRC values obtained before operation by MBW in the present study are in agreement with those obtained in previous cohorts of healthy children (Fig. 4) . 17 The LCI values are somewhat lower (8%) than those predicted for a paediatric population, but well within the range reported previously in school-age healthy children. 16, 22 Similarly, the resistive and elastic parameters of the respiratory system show good concordance with earlier FOT predicted values. 18 Whilst the flow resistance of the airways was characterised in the present study as the average of the real part of the respiratory impedance between 5 and 19 Hz, most of the previous studies reported single-frequency values, which limits direct comparisons. However, the values obtained in the present study are well within the range of these previously reported data for healthy children. 23, 24 Therefore, we can declare with confidence that the results obtained with the main outcomes reflect lung functional changes reliably. Furthermore, the slight differences in the tidal volumes obtained during the two measurements can be attributed to the greater dead space of the FOT device and the subsequent compensation to maintain normocapnia. It has been well established that general anaesthesia promotes ventilation heterogeneity as a result of various mechanisms leading to regional changes in ventilationeperfusion ratio. 25 The results of the present study confirm this observation in both groups of children in the immediate postoperative period. However, ventilation heterogeneity, reflected by increased LCI values, persisted on the first postoperative day in children who were administered high FiO 2 . This finding suggests that regional differences in alveolar aeration may have persisted in these children despite the improvement in FRC.
Respiratory mechanical parameters measured by FOT were similar between the two groups (Fig. 3) . As R 5e19 mainly reflects flow resistance of the central conducting airways 15 and considering that these children had no airway susceptibility, this result indicates that transient FiO 2 of 80% had no detectable effect on the bronchial tone. Although lungvolume loss observed in FiO 2 >0.8 is expected to be associated with decreased compliance, we did not observe a change in AX. This apparent contradiction may be related to the composite nature of AX, which is a combined measure of the elastic properties of the chest wall, the diaphragm and the abdominal load, and the lungs. 26 The results obtained in the present study suggest that this parameter is less sensitive than FRC and LCI for detecting mild regional ventilation defects in spontaneously breathing children. This finding is in line with previous results comparing the sensitivity of the two techniques in detecting adverse changes in the lung periphery. 27 Use of well-validated techniques in a clinically demanding environment is a significant strength of this study. However, the data are limited to a highly selected population undergoing specific surgeries, within a narrow age range. These findings may not be able to be extrapolated to younger children; however, it is reasonable to assume that the changes in lung physiology we observed may also apply to infants or patients with diseased lungs. Our limited exploratory analysis of clinical outcomes failed to show any difference between high (80%) and lower (35%) FiO 2 during maintenance of anaesthesia. However, the present study was clearly not designed to provide insight into the clinical consequences of high vs lower FiO 2 .
In summary, our results show that the use of high FiO 2 in children with normal lungs has deleterious effects on lung volume in the immediate postoperative period with persistent ventilation heterogeneity at Day 1. Given the potential harmful effects of reactive oxygen metabolites triggered by hyperoxia, the use of a moderate FiO 2 (around 35%) may be considered as optimal anaesthesia regimen in children with normal lungs. 
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